Electrically conductive composite bipolar plates consisting of resole-typed phenol formaldehyde resin and natural flake graphite (NFG) have been fabricated by compression molding technique at room temperature. The aim of this study is to investigate the effects of NFG content, molding pressure, and nano-sized carbon black (NCB) on the properties of composite bipolar plates. The NFG/resin composite plates have been studied for various properties including electrical, mechanical, and thermal properties. It has been observed that the composite plates prepared at NFG content of 45 wt%, NCB content of 4.5 wt%, and molding pressure of 15 MPa have optimum properties. Under optimal conditions, bipolar plates showed better properties at bulk density 1.79 g/cc, electrical conductivity 358 S/cm, flexural strength 29.3 MPa, compressive strength 43.6 MPa, water absorption 0.34% and surface microhardness 72.6 HV. Additionally, the plates were thermally stable up to 300 o C. Hence, NFG/resin composites successfully fulfil the DOE-2015 requirements for bipolar plates in PEM fuel cells.
INTRODUCTION
Fuel cell is a device which directly and efficiently converts chemical energy to electrical energy through electrochemical reactions [1] . Among various types of fuel cells, polymer electrolyte membrane (PEM) fuel cell receives special attention as potential future power source for residential and mobile applications because of its high power density [2] , high energy conversion efficiency [3] , relatively low operating temperature [4] , convenient fuel supply, longer life time and low emission [5, 6] . The potential applications of PEM fuel cell comprise laptop computers, cellular phones, military back power packs, scooters, cars etc. [7] [8] [9] . However, the commercialization of PEM fuel cell is still challenging due to its high production cost [10] [11] [12] [13] . Thus, cost of fuel cell must be reduced to make them commercial feasible. Bipolar plate is a key component of fuel cell as it contributes 38% of total cost and 80% of the weight of PEM fuel cell stack [14] [15] [16] [17] [18] [19] [20] . Hence, reducing manufacturing cost and weight of bipolar plates is must for wide-spread commercialization of PEM fuel cell [21] . Additionally, bipolar plates provide many important functions, which provide the electrical connection of successive cells in fuel cell stack and collection of the current produced during electrochemical reactions, homogeneous distribution of fuel gases over the whole surface active area of the fuel cell, water and heat management within the cell, and mechanical support for the stack assembly [22] [23] [24] [25] [26] . In order to fulfill the aforesaid functions, bipolar plates must have high electrical and thermal conductivities, good mechanical strength, excellent gas impermeability, better corrosion resistance, low bulk density, etc. [27] [28] [29] [30] . In the recent studies, various materials for bipolar plates including graphite and metals have been used to fabricate bipolar plates for PEM fuel cell [24, 28, [31] [32] [33] . Most of the metals (excluding precious metals e.g. Gold and Platinum) used to fabricate metallic bipolar plates offer low cost, good strength, zero gas permeability and very high electrical conductivity [34, 35] . But, they exhibit inadequate corrosion resistance, which produce high electrical resistance due to formation of oxide surface films [36] [37] [38] [39] . On the other hand, graphite based bipolar plates possess light weight, good corrosion resistance and high electrical conductivity [40] [41] . However, they are difficult and expensive to machine because of their brittle behaviour, and forced to be made several millimetres thick, which results a fuel cell stack voluminous and heavy [17, [42] [43] [44] . Therefore, both graphite and metal are not quite suitable as bipolar plates for fuel cell applications. Hence, it is necessary to investigate the new class of materials to reduce the cost and weight and improve the efficiency and life of PEM fuel cells. An alternative lies in polymer composites as they pursue low cost, light weight and low volume, ease of machining, mechanical and chemical stability with low contact resistance [24, 28, [45] [46] [47] . Nowadays, various kinds of carbon fillers are being utilized for improvement of mechanical and electrical properties of composite plates. In this study, polymer composite bipolar plates have been synthesized by using resole-typed phenol formaldehyde resin as polymer matrix and natural flake graphite (NFG) as a conducting filler material through simple mould compression process at room temperature. Here, p-Toluene sulfonic acid has been used as a curing or catalytic agent, which increases the crosslinking density between polymeric chains in NFG/resin composites. The reaction mechanism phenolic resin with p-Toluene sulfonic acid is reported somewhere else [48] . Additionally, the effects of mould pressure and NCB content on the properties of NFG/resin composite bipolar plates have also been investigated.
EXPERIMENTAL

Materials
The resole-typed phenol formaldehyde (ABRON 100 WS) used as a polymer matrix was obtained in the liquid form from M/S ABR organics, India. The specific gravity, viscosity, volatile content and solid content of the resin were 1.12-1.16, 100-300 CPS at 30 o C, 32-38% and 60-65%, respectively. Natural flake graphite (NFG) (purity, 99.9 wt%; average flake size, 520 μm) was obtained from Sigma-Aldrich Chemicals Pvt. Ltd. Bangalore, India and the nano-sized carbon black (NCB)(grade, N330; average particle size, 25 nm) was purchased from M/S Kankani Brothers Ltd. The purity, aggregate particle size, pour density, and BET surface area of NCB were ˃99%, 20-30 nm, 376±25 (kg/m 3 ), and 73-83 (m 2 /kg). The curing agent used was p-Toluene sulfonic acid (PTSA) with a melting temperature of 105 o C and molecular weight of 192 g mol -1 and was supplied by M/S Loba Chemie Pvt. Ltd. India.
Preparation of NFG/resin composites
In this study, NFG/resin composites were prepared by varying NFG content from 30 to 60 wt% in phenolic resin through simple mould compression method at ambient temperature. Resole-typed phenol formaldehyde resin was used as a polymer matrix for composites preparation due to its good heat resistance, electrical insulation, dimensional stability, flame and chemical resistance. The p-toluene sulfonic act as a catalyst or curing agent was received in the form of powder. So first of all, p-toluene sulfonic acid solution containing little amount of distilled water (ca. 5mL/g) was prepared. The catalyst solution was then added to phenolic resin and mixed thoroughly with the help of a glass rod for 1 min. Again it was mixed with pre-weighed amount of NFG thoroughly for 30 min in a blender to obtain a uniform mixture of filler and phenolic resin. The mixture was then poured in the cavities of differently sized moulds, which were placed in between the plates of hydraulic press and after 8-10 min of normal curing a load was applied slowly up to 15 MPa at room temperature and kept for 2 hours. Finally, after curing, solid composite plates were retrieved from the moulds for further testing.
Characterizations
The composite plates were characterized for bulk density, porosity, compressive strength, flexural strength, surface hardness, electrical conductivity, thermal stability, water absorption and dynamic mechanical analysis. An average of four to five characterization samples were reported in each case. The surface morphology of NFG, NFG/resin composites was characterized by Zeiss EVO-50 scanning electron microscope (SEM). The bulk density (B d ) and the water density (W d ) of the plates were measured as per ASTM C559 and D792. Porosity of composite plates was measured by water density method which can be calculated as follows [18] : (1) Where B d is the ratio of the weight in air to volume of the sample and W d =A/(A-B)dw; where A is the weight of the sample in air, B is the weight of sample in water, and dw is the density of water. The flexural strength and flexural modulus of the composite bipolar plates of size 60mm × 10mm × 5mm were determined by the three point bending test using Zwick Roell UTM (MODEL Z010) as per ASTM D790 at a crosshead speed of 0.5 mm min -1 . The flexural strength (σ F ) was calculated using following relation:
Where F is the maximum load at the point of fracture; L, h and b are the span length, height and width of the sample. The compressive strength and compressive modulus were measured as per ASTM C695 at a crosshead speed of 0.5 mm min -1 using Zwick Roell UTM (MODEL Z010). The surface hardness of the composite plates was measured using micro-Vickers Hardness System, Qualitest North America (MODEL QV-1000DM). The microhardness was measured by penetrating diamond pyramid indenter under a load of 200g for 10s onto the surface of composites. The dynamic mechanical properties i.e., storage modulus (E') and tand (plates size: 50mm x 12mm x 1±0.8mm) were measured by Pyris Diamond DMA, Parkin Elmer Instruments, USA. The DMA tests were carried out in threepoint bending over a temperature range of 30 to 270°C and heating rate of 10°C/min in a nitrogen atmosphere at frequency of 1 Hz. The electrical conductivity was measured by the four probe method at a constant current source. Kiethley 6221 setup was used to provide constant current supply, and the voltage drop (V) between two probes 2 mm apart was measured by a microvoltmeter (DMV-001) at 30 o C. Thermal stability of composite plates was investigated through thermogravimetric analysis (TGA) under nitrogen atmosphere (flow rate of N 2 , 200 mL/min) from 30 to 700°C at a heating rate of 5°C/min. (Pyris Diamond TG/DTA).
RESULTS AND DISCUSSION
Density and porosity of NFG/resin composite plates
The NFG composite plates have been investigated for both experimental density and theoretical density as shown in Fig. 1 . The theoretical density (ρ c ) of the composites has been calculated using rule of mixtures from the following equation [54] :
Where ρ m is the phenolic resin density, ρ f is density of NFG, and W f is the NFG weight percentage. Initially, the densities of NFG (ρ f =2.2 g/cc) and phenolic resin (ρ m =1.71 g/ cc) have been measured separately by bulk density method by making their pallets, which further used in order to calculate the theoretical density of composites. It can be seen that the theoretical and experimental density of composites increases with increasing NFG content. This is due to the density of NFG being higher than the density of phenolic resin. However, composites containing higher NFG content show lower value of experimental density due to the formation of microvoids or air gaps in composites because of insufficient resin. On the other hand, the porosity of composites is marked with an insignificant decrease in the beginning till 40 wt% of NFG and then increases with increasing NFG content as shown in Fig. 2 . The porosity of NFG/resin composites increases drastically at higher NFG content due to formation of microvoids within the composite. The microvoids are formed because of unwetted NFG particles and lack of phenolic resin at higher NFG content.
Water absorption and surface microhardness of NFG/resin composite plates
Water absorption is a very important property of bipolar plates. Large quantity of water absorption could deteriorate the mechanical and electrical properties of the composite bipolar plates. In this investigation, the specimens with dimension of 10±1.2 mm in length, 5±0.8 mm in width, and 3±0.6 mm in thickness were submerged in distilled water for 24 hours while keeping the temperature at 80oC. After this, the specimens have been removed from the water and weighed immediately. The water absorption of composite sample has been calculated using following equation [55] .
Where, W a and W d are the weights of water absorbed specimens and dry specimens respectively. Fig. 3 shows the variation in water absorption and surface hardness of NFG/resin composites. It can be observed that the water absorption increases from 0.3 to 1.28% as the NFG content increases from 30 to 60 wt%. In the beginning, till 40 to 45 wt% NFG content, the rate of water absorption increases slowly. However, beyond 45 wt% of NFG it starts increasing significantly on further increase of NFG content. This can be understood as follows: the loading of NFG beyond its critical value in phenolic resin leads to increase the open porosity and number of micro voids and hence the water absorption increases. As discussed earlier, the water molecule can permeate through the matrix or through the interfaces of resin and NFG particles. Hence, at higher NFG content, NFG particles cannot be well wetted due to absence of phenolic resin and therefore NFG get agglomerated. These agglomerated NFG particles create open interfaces and show water absorbing quality. On the other hand, the surface hardness of NFG/resin composites, which increases from 53 to 75 HV with increasing NFG content from 30 to 40 wt%, after which becomes saturated as shown in Fig. 3 . This is because at higher NFG content, the surface hardness is dominated by only NFG particles. The NFG particles have higher surface microhardness as compared to phenolic resin, which restricts the penetration of indenter, and therefore microhardness increases with increasing NFG content in the beginning. Fig. 4 presents the effect of NFG content on the electrical conductivity of NFG/resin composite bipolar plates. The electrical conductivity of NFG/resin composites increases from 116 to 365 S/cm as the NFG content increases from 30 to 60 wt%, respectively. Hence, the composites prepared in this study show very high electrical conductivity (> 100 S/ cm), which is much higher than the DOE-2015 targets for composite bipolar plates as compared in Table 1 . Various studies [49] [50] [51] have reported that the electrical conductivity of polymer composites depends on the direct contact between the conductive fillers to further create electrically conductive channels all over the composite. Some studies have also reported that tunnelling effect could also be a dominant mechanism to provide electrical conductivity of polymer composites [52, 53] . The tunnelling mechanism between carbon fillers in polymer composites occurs when conducting particles are separated by a very small gap (< 10-12 nm) from each other. In this study, NFG used as conducting filler has a very high electrical conductivity of 10 4 S.cm -1 , whereas the phenolic resin used as polymer matrix is highly insulating (10 -15 S.cm -1 ) in nature. Hence, by increasing NFG content or by decreasing the amount of phenolic resin, the number of highly conducting NFG particles will be increased, and therefore initiate large numbers of conductive channels through which electrical current can flow all over the composites. The number of these electrically conductive channels increases with increasing NFG content in resin composites. So the electrical conductivity of NFG/resin composites increases with increasing NFG content.
Electrical conductivity of NFG/resin composite plates
Flexural and compressive strength of NFG/resin composite plates
The flexural properties of NFG/resin composite plates have shown in Fig. 5 . The flexural strength and modulus of NFG/resin composites tend to decrease gradually with increasing NFG content from 30 to 60 wt%. The flexural strength and modulus decrease from 42.67 MPa and 8.4 GPa to 23.43 MPa and 6.8 GPa, with an increase of NFG content from 30 to 60 wt%, respectively. It has been observed that the flexural strength and modulus both decrease significantly with higher rate beyond 50 wt% of NFG content loading. This reveals an increase in weak bonding between the graphite flake and phenolic resin with increasing NFG content. Furthermore, the amount of cured resin ulti- cles have been shown in circle. However, from mechanical properties points of view, the prepared composite plates successfully meet the DOE-2015 targets as shown in Table  1 .
Dynamic mechanical properties of NFG/resin composite plates
NFG/resin composites have been investigated through dynamic mechanical analysis to understand the dependence mechanical properties on increasing temperature. Here, DMA properties of NFG/resin composites have been studied over a wide range of temperature from 30 to 270 o C at 1 Hz frequency. Dynamic mechanical study of materials includes storage modulus (E′), loss modulus (E″), and damping factor (tan δ). The storage modulus is somewhat similar to that elastic modulus or stiffness, and is sensitive to structural changes in the filler-matrix bonding, molecular weight, and degree of crosslinking. Fig. 8 shows the variation in E′ from room temperature to 270 o C with NFG content from 30 to 60 wt%. From the figure, it can be clearly seen that, the value of E′ decreases for the entire range of temperature with increasing NFG content. At room temperature, the value of E′ decreases from 10.38 to 6.36 GPa as the NFG content increases from 30 to 60 wt%. This occurs due to the fact that as the filler content increases the filler to matrix-bonding gets weaker due to decreasing phenolic resin content, which leads into weak interfacial bonding between NFG particles and phenolic resin. Higher amount of filler content creates free volume in the composite and reduces the degree of crosslinking between NFG particles and phenolic resin. Hence, the value to E′ reduces with increasing NFG content. The tanδ plots of NFG/resin composites as a function temperature have shown in Fig. 9 . The tanδ value of NFG/resin composites increases with increasing NFG content. Hence the increase of NFG content in phenolic resin increases the damping due to the agglomeration of NFG particles and formation of micro voids in the resin composites, which can be seen from the Fig. 7(c-d) . Furthermore, it has been observed The increase in NFG content causes the corresponding decrease in phenolic resin content which leads in weak adhesion or interfacial bonding between the NFG particles and phenolic resin and consequently decreases the mechanical strength. Furthermore, at higher NFG content, composites show inhomogeneous mixing of NFG and phenolic resin due to deficiency of phenolic resin and therefore the surface as well as internal cracks can easily be initiated under the application load, which reduce the compressive properties. The micrographs of NFG, resin and composites with plain and fractured surfaces are shown in Fig. 7  (a-f) , where the agglomerated and overlapped NFG parti-that the value glass transition temperature (T g ) shifted towards its lower value of temperature with increasing NFG content. The T g value of NFG/resin composites decreases from 178 to 137 o C as the NFG content increases from 30 to 60 wt%, which may occur due to many possible reasons. The amount of phenolic resin decreases with increasing NFG content due to which the NFG particles cannot be homogeneously dispersed throughout the matrix. Hence, the unwetted NFG particles produce agglomerations and result in phase separation. Consequently the T g value reduces with addition of higher NFG content.
Effect of mould pressure on NFG/resin composite plates
In this study, the effect of the mould pressure on the properties of NFG/resin composites has been investigated. Here, NFG/resin composite containing 45 wt% NFG content and a mould pressing time of a 15 min have been selected for this study. Fig. 10 shows the effect of mould pressure on density and porosity. It is clear that the density of the composites increases, while porosity reduces with increasing mould pressure. The pores induced during the processing of composites diminish due to application of pressure, which leads to more dense and compact structure of NFG/resin composite with increasing mould pressure. So, the density of NFG/resin composites increases and corresponding porosity decreases. The effect of mould pressure on flexural and compressive strength of NFG/resin composites have presented in Fig. 11 . The values of compressive and flexural strength increase with increasing mould pressure up to 15 MPa, after which start reducing slighly. Basically, with increase in mould pressure, the number of pores presents at the interface or in between the NFG particles and phenolic resin are reduced, which leads to strong adhesion between phenolic resin and NFG. Hence, in the beginning the compressive and flexural strength increases 92 with increasing mould pressure. However, at higher NFG content the mechanical strength reduces slightly due lack of phenolic resin and brittle behaviour of NFG content. The electrical conductivity of NFG/resin composite plates increases sharply from 145 to 350 S/cm with applied pressure as shown in Fig. 12 . On one hand, as the mould pressure increases, the compactness of the composite increases, as a result NFG particles in the composites get closer with each other and enhance the electrical conductivity as shown in schematic (see Fig. 13 ). On the other hand, the contact resistance between NFG particles, which highly influences the electrical conductivity, also decreases on application of mould pressure. Finally, the electrical conductivity increases with applied mould pressure. The surface microhardness of NFG/resin composites increases linearly with applied mould pressure as shown in Fig. 14 . At a certain pressure the number of surface pores and the surface morphology that are created during the preparation of composites, will decrease and compactness of the composite will be enhanced, which causes increase in microhardness of the composite. However, the surface hardness has significant increases till 20 MPa, after that the hardness becomes saturated. On the other hand, at lower mould pressure the water absorption decreases quickly and becomes almost constant at higher pressure as shown in Fig. 14 . Water absorption decreases with a quick rate in the beginning; the reason is that, at lower pressure the probability of decreasing number of pores present in the composite is more. However, at higher pressure most of pores get reduced and the composite is at its maximum compactness, and consequently the water absorption gets constant on further increase of mould pressure. The effect of mould pressure on the properties of NFG/resin composites are concisely given in Table 2 , and also compared DOE-2015 targets.
3.7 Effect of NCB loading on NFG/resin composite plates NFG/resin composite plates containing NFG content of 45 wt%, mould pressure of 15 MPa, and mould pressing time of 15 min, have been investigated under the effect of the NCB content varying from 1.5 to 7.5 wt% with an increment of 1.5 wt%. The variation in density and porosity with increasing the NCB content is shown in Fig. 15 . The density of composites decreases with mould pressure while porosity increases. The addition of low density NCB in composites reduces the density of the NFG/resin composites. However, the porosity increases due to formation of micropores in the composites because of insufficient resin at higher filler content. Fig. 16 shows the variation in flexural and compressive strength with increasing mould pressure. Both the compressive strength and flexural strength decrease with increasing NCB content. This happens because at 45 wt% of NFG content the filler particles cannot be fully wetted by phenolic resin on further addition of NCB content. The NCB particles have large surface area and may enable better bridging mechanism between filler and phenolic resin due to their better absorbing capability. However, the addition of NCB content doesn't make any significant improvement in compressive and flexural strength, due to lack of phenolic resin, which induces micropores in the composite. This mechanism is further supported by porosity results discussion; consequently both the compressive and flexural strength decrease. The variation in electrical conductivity and surface hardness has shown in Fig. 17 . The surface hardness of NFG/resin composites increases linearly with increase of NCB content. This might be due to the high surface hardness of the NCB particles. On the other hand, It is observed that, with increase in NCB content the electrical conductivity increases up to 4.5 wt% i.e., 358 S/cm. This specifies that the addition of NCB content efficiently creates an extra conductive network in the composite and facilitates higher electrical conductivity as compared to DOE targets values for bipolar plates as given in Table 3 . The intrinsic electrical conductivity of NCB particles is much smaller as compared to the NFG particles. However, the synergetic effect between NFG and NCB increases the overall conductivity of composite plates. This is happens because the NCB particles are very smaller in size and possess high surface area in comparison to the NFG particles; hence the NCB particles can easily be placed between the NFG particles where they act like channels for electrons, which leads to a significant increase in electrical conductivity. However, upon further increase of the NCB content, the electrical conductivity of composites starts decreasing due to percolation threshold. At higher NCB content the particles get agglomerated due to their high surface area, also the higher NCB content creates many weak conducting paths between NCB and NFG, due to lower electrical conductivity of NCB particles, thus reduces the overall conductivity of NFG/resin composite. This suggests that the morphology of filler particles can also affect the percolation threshold. 
Thermogravimetric Analysis of NFG/ resin composite plates
The thermal stability of NFG/resin composites containing 40 and 45 wt% of NFG content have shown in Fig. 18 . From the figure it is observed the composite plate shows 4.8 and 2.2 % weight loss for 40 and 45 wt% of NFG, at 400 o C. This temperature is very high in reference to the working temperature of a PEM fuel cell, i.e. 80 to 120 o C. Hence, it is clear that these composites will show excellent thermal stability with in fuel cell working conditions.
CONCLUSIONS
The NFG/resin composite bipolar plates have been successfully prepared by simple mould compression technique using fine natural flake graphite and phenolic resin at room temperature. It has been seen that electrical conductivity of NFG/resin composites increases with NFG content due to increase in conducting channels. The highest value of electrical conductivity observed is 365 S/cm at 60 wt% NFG. On the other hand, the flexural and compressive properties are decreasing with increasing NFG wt% in phenolic resin. The composites filled with 30 wt% NFG show the higher values for flexural and compressive strength. Furthermore, the composites have also been investigated under the effect of applied mould pressure and NCB content, and it has been observed that the compressive and flexural strength of composites increase with increasing applied pressure till 15 MPa significantly, and decrease with increase in NCB content. On the other hand the electrical conductivity of NFG/resin composite increases up to 4.5 wt% of NCB content. However, composite plates prepared at NFG content of 45 wt%, NCB content of 4.5 wt%, and molding pressure of 15 MPa have optimum properties. Under optimal conditions, bipolar plates showed better properties at bulk density 1.79 g/cc, electrical conductivity 358 S/cm, flexural strength 29.3 MPa, compressive strength 43.6 MPa, water absorption 0.34% and surface microhardness 72.6 HV. Additionally, thermogravimetric analysis test reveals that NFG/resin composites show excellent thermal stability up to 300oC. Hence, the composite plates prepared in this study exhibits much higher properties as compared to DOE-2015 targets, which make them a strong candidate to be used as bipolar plates in PEM fuel cell. 
